1. Introduction {#sec1-ijms-20-03859}
===============

*The interferon-induced transmembrane protein* (*IFITM*) genes are highly conserved between vertebrates, and their gene products fulfill diverse functions. IFITM1-3 are antiviral effector proteins of the innate immune system and block entry of several viruses into target cells \[[@B1-ijms-20-03859],[@B2-ijms-20-03859],[@B3-ijms-20-03859],[@B4-ijms-20-03859]\]. The analysis of *IFITM3* polymorphisms in human influenza patients \[[@B5-ijms-20-03859]\], although not undisputed \[[@B6-ijms-20-03859],[@B7-ijms-20-03859]\], as well as studies with *IFITM3* knock-out mice \[[@B5-ijms-20-03859],[@B8-ijms-20-03859]\] provided evidence that IFITM3 plays an important role in the defense against influenza virus infection. Moreover, further studies showed that IFITM3 might also contribute to innate defenses against other viruses, including human immunodeficiency virus (HIV) \[[@B9-ijms-20-03859],[@B10-ijms-20-03859],[@B11-ijms-20-03859],[@B12-ijms-20-03859]\], alpha- \[[@B13-ijms-20-03859],[@B14-ijms-20-03859]\], filo- \[[@B3-ijms-20-03859],[@B15-ijms-20-03859]\], corona- and flaviviruses \[[@B16-ijms-20-03859],[@B17-ijms-20-03859],[@B18-ijms-20-03859]\]. It is noteworthy that IFITMs can also be beneficial for certain viruses. Herpesviruses can use IFITMs to ensure release of progeny particles from infected cells \[[@B19-ijms-20-03859]\], and the human coronavirus OC43 was shown to employ IFITM proteins for host cells entry \[[@B20-ijms-20-03859],[@B21-ijms-20-03859]\]. These observations indicate that IFITM1-3 operate in pathways that can positively and negatively regulate virus infection. Therefore, understanding how IFITM proteins modulate infection might provide a basis for novel strategies for antiviral intervention.

IFITMs are believed to block fusion of enveloped viruses with target cells at the stage of hemifusion and/or fusion pore formation by reducing membrane fluidity or by increasing spontaneous positive curvature of the outer membrane leaflet \[[@B22-ijms-20-03859],[@B23-ijms-20-03859]\]. Amini-Bavil-Olyaee and colleagues suggested that this might be due to IFITM-dependent alteration of intracellular cholesterol transport \[[@B24-ijms-20-03859]\]. However, these results are not undisputed \[[@B15-ijms-20-03859],[@B22-ijms-20-03859],[@B25-ijms-20-03859]\]. Alternatively, the particular membrane topology of IFITMs may increase positive curvature \[[@B23-ijms-20-03859]\], and this property might be augmented by IFITM/IFITM interactions. Membrane association of IFITM proteins is facilitated by intramembrane domain 1 (IM1) \[[@B26-ijms-20-03859]\], which is palmitoylated, and this modification is required for restriction of viruses \[[@B27-ijms-20-03859],[@B28-ijms-20-03859],[@B29-ijms-20-03859]\]. Mutagenic analysis of IFITM3 revealed that F75 and F78 within IM1 are required for blockade of virus entry and for IFITM3/IFITM3 interactions \[[@B26-ijms-20-03859]\], suggesting that the two processes might be linked. However, these results await confirmation, and it is incompletely understood whether mutation of these residues impacts biological properties of IFITM proteins other than self-association and inhibition of virus entry.

Here, we used a flow cytometry-based fluorescence resonance energy transfer (FACS-FRET) assay \[[@B30-ijms-20-03859]\] to analyze interactions of IFITM proteins and correlated them with antiviral activity. We provide evidence for extensive homo- and heteromultimerzation of IFITM proteins and confirm that residues F75 and F78 are important for antiviral activity. However, mutation of these residues was compatible with normal IFITM3 localization and IFITM3/IFITM3 interactions, indicating that F75 and F78 impact antiviral activity by a so far unknown mechanism.

2. Results {#sec2-ijms-20-03859}
==========

2.1. Establishment of FRET Measurements by Targeting of Non-Interacting, Cytosolic Proteins to Membranes {#sec2dot1-ijms-20-03859}
--------------------------------------------------------------------------------------------------------

For two proteins which can freely diffuse in the cytosol, a robust FRET signal can be considered an indicator of protein--protein interactions. IFITM proteins are localized to membranes and measurement of robust FRET-signals at the plasma membrane has been reported before \[[@B30-ijms-20-03859],[@B31-ijms-20-03859],[@B32-ijms-20-03859],[@B33-ijms-20-03859]\]. However, negative controls used in these experiments were mainly unrelated membrane localized host-cell proteins, and the FRET-pair employed in these studies, enhanced cyan fluorescent protein (eCFP)/enhanced yellow fluorescent protein (eYFP), has certain disadvantages such as residual dimerization capabilities, which limit their application in FRET measurements \[[@B34-ijms-20-03859]\]. Therefore, we first aimed to establish a set of negative controls, firmly allowing us to exclude false-positive FRET signals arising from targeting of proteins to overlapping membrane subcompartments. In addition, we based our analysis on the improved FRET pair super cyan fluorescent protein (SCFP) and super yellow fluorescent protein (SYFP) \[[@B35-ijms-20-03859]\] to overcome limitations associated with the standard eCFP/eYFP combination.

We fused the following membrane targeting signals to SCFP and SYFP, respectively: The N-terminal sequence of neuromodulin (NM, GAP-43), which targets the protein to lipid rafts within the plasma membrane due to palmitoylation of cysteines 3 and 4 \[[@B36-ijms-20-03859],[@B37-ijms-20-03859]\] ([Figure 1](#ijms-20-03859-f001){ref-type="fig"}A) and the N-terminal peptide of the kinase Lyn, which is targeted to the plasma membrane by myristoylation of glycine 2 and is preferentially localized to lipid rafts due to palmitoylation of cysteine 3 \[[@B38-ijms-20-03859]\]. Finally, the CAAX box at the C-terminus of RhoA was used, which is targeted to caveolae in the plasma membrane \[[@B39-ijms-20-03859]\] due to geranyl-geranylation of a cysteine residue \[[@B40-ijms-20-03859]\]. All SCFP and SYFP fusion proteins were efficiently expressed in transfected 293T cells and exhibited the expected molecular weights ([Figure 1](#ijms-20-03859-f001){ref-type="fig"}B, the presence of additional C-terminal amino acids derived from the polylinker region of pSYFP-C1 explains the larger size of SYFP as compared to SCFP, derived from pSCFP-N1). Expression levels were similar for all fusion proteins with the exception of SxFP-Lyn, which showed reduced expression levels ([Figure 1](#ijms-20-03859-f001){ref-type="fig"}B). The presence of membrane targeting domains resulted in pronounced membrane localization of the modified proteins relative to unmodified SCFP and SYFP ([Figure 1](#ijms-20-03859-f001){ref-type="fig"}C). Both SxFP-NM and SxFP-Lyn showed plasma membrane staining with some intracellular staining, whereas SxFP-RhoA showed a more pronounced staining of intracellular membranes with detectable staining at the plasma membrane ([Figure 1](#ijms-20-03859-f001){ref-type="fig"}C). The fusion protein SYFP-SCFP exhibited diffuse staining in the cytoplasm with strong accumulation in the nucleus, as expected \[[@B41-ijms-20-03859]\].

Analysis of the proteins in the FACS-FRET assay ([Supplementary Figure S1](#app1-ijms-20-03859){ref-type="app"}) revealed no signal upon coexpression of unmodified SCFP and SYFP while fusing both proteins resulted in a strong signal ([Figure 1](#ijms-20-03859-f001){ref-type="fig"}D, [Supplementary Figure S2](#app1-ijms-20-03859){ref-type="app"}), as expected. When SCFP and SYFP were equipped with membrane targeting signals of neuromodulin and Lyn, low FRET signals were detected, while membrane targeting via the RhoA CAAX box did not result in FRET ([Figure 1](#ijms-20-03859-f001){ref-type="fig"}D, [Supplementary Figure S2](#app1-ijms-20-03859){ref-type="app"}). Moreover, coexpression of SCFP and SYFP harboring different membrane targeting domains resulted in FRET when combinations of neuromodulin and Lyn membrane targeting signals were tested ([Figure 1](#ijms-20-03859-f001){ref-type="fig"}D, [Supplementary Figure S2](#app1-ijms-20-03859){ref-type="app"}). In contrast, combinations in which one partner harbored RhoA CAAX while the other contained membrane targeting signals of neuromodulin or Lyn did not result in FRET ([Figure 1](#ijms-20-03859-f001){ref-type="fig"}D, [Supplementary Figure S2](#app1-ijms-20-03859){ref-type="app"}). Thus, targeting of non-interacting, cytosolic proteins to membranes, potentially to specific membrane subcompartments, was sufficient to induce modest FRET signals in our assay. This may not be surprising, given that, for instance, certain lipid rafts can have a diameter of less than 20 nm \[[@B42-ijms-20-03859]\]. Collectively, we were able to identify false-positive FRET signals of membrane targeted proteins in our FACS-FRET assay. These signals were modest and, based on the strong signal measured for the SCFP-SYFP fusion protein, should be markedly amplified by protein--protein interactions.

2.2. Homotypic and Heterotypic Interactions between IFITM Proteins {#sec2dot2-ijms-20-03859}
------------------------------------------------------------------

We next asked whether coexpression of IFITM paralogues fused to SCFP and SYFP, respectively, induces FRET signals. Apart from IFITM1-3, which were all shown to display antiviral activity, we also tested IFITM5 \[[@B2-ijms-20-03859],[@B3-ijms-20-03859]\]. As a prerequisite to these studies, all IFITM proteins were N-terminally fused to SCFP and SYFP and analyzed for expression and antiviral activity. Western blot analysis of transfected 293T cells revealed that all fusion proteins were robustly expressed, although expression of IFITM5-based fusion proteins was slightly reduced compared to that of the other IFITM proteins studied ([Figure 2](#ijms-20-03859-f002){ref-type="fig"}A). Similar results were obtained in cells engineered to stably express IFITM1-3 and the respective SCFP/SYFP fusion proteins (not shown), which were used for analysis of antiviral activity. Fusion of IFITM1-3 to fluorescent proteins was compatible with inhibition of Ebola virus glycoprotein (EBOV-GP)-driven entry, although the efficiency of inhibition by IFITM2-3-SCFP/SYFP fusion proteins was reduced compared to wild type (wt) proteins ([Figure 2](#ijms-20-03859-f002){ref-type="fig"}B). In contrast, fusion of IFITMs to fluorescent proteins largely abrogated blockade of influenza A virus hemagglutinin (FLUAV-HA)-mediated entry ([Figure 2](#ijms-20-03859-f002){ref-type="fig"}B). These results indicate different roles of the IFITM N-terminus in blockade of EBOV and FLUAV infection, although we cannot exclude that potential differences between expression of IFITM-wt and IFITM-SCFP/SYFP fusion proteins contributed to differential anti-FLUAV activity. Coexpression of IFITM1-3 and IFITM5 fused to SYFP with the identical IFITM proteins fused to SCFP resulted in robust FRET signals, and similar results were obtained for combinations of different IFITM proteins ([Figure 2](#ijms-20-03859-f002){ref-type="fig"}C, [Supplementary Figure S3](#app1-ijms-20-03859){ref-type="app"}), indicating that these proteins have a high tendency to form homo- and heterooligomers. The only exception was observed for the reverse combination of IFITM5 fused to SCFP with IFITM1-3 fused to SYFP, which yielded low FRET signals ([Figure 2](#ijms-20-03859-f002){ref-type="fig"}C, [Supplementary Figure S3](#app1-ijms-20-03859){ref-type="app"}). While the reasons for this phenomenon are unclear at present, it could indicate a different donor/acceptor configuration, in which reduced availability of the acceptor (in this case SYFP-IFITM5) results in reduced FRET-efficiency \[[@B43-ijms-20-03859]\]. Apart from that, all FRET signals were more robust than those observed for SCFP/SYFP artificially targeted to membranes ([Figure 1](#ijms-20-03859-f001){ref-type="fig"}D, [Supplementary Figure S2](#app1-ijms-20-03859){ref-type="app"} and data not shown), suggesting signal augmentation due to real protein--protein interactions at cellular membranes.

The amounts of plasmids transfected for FRET analysis were adjusted such that at least 90% of the cells transfected with the SYFP-SCFP positive control elicited FRET signals. Therefore, we next clarified whether potential differences in IFITM/IFITM interactions become detectable when low amounts of plasmids are transfected. To address this possibility, we analyzed FRET signals upon transfection of titrated amounts of plasmids ([Figure 2](#ijms-20-03859-f002){ref-type="fig"}D). The percentage of FRET-positive cells measured upon expression of the SYFP-SCFP positive control only slightly declined under those conditions and similar observations were made upon coexpression of IFITM3/IFITM3, although the number of positive cells declined from over 95% to roughly 80%. In contrast, the FRET signals measured upon coexpression of IFITM1 and IFTIM3 declined more steeply upon titration of plasmid, with roughly 20% of cells eliciting a FRET signal when the lowest amount of plasmid was transfected. These observations are in keeping with known differences in cellular localization of IFITM1 (mainly plasma membrane) and IFITM3 (mainly endo-/lysosomal compartments) \[[@B44-ijms-20-03859],[@B45-ijms-20-03859]\] and suggest that subtle differences in membrane localization and/or interactions between IFITM proteins can be more readily visualized when low amounts of plasmids are transfected. Furthermore, the data indicate that IFITM3 is more likely to form homooligomers than heterooligomers with IFITM1.

Collectively, our results indicate that IFITM1--5 interact, although some differences in the extent of interaction can be visualized when low amounts of heterologous IFITM proteins are expressed.

2.3. F75 and F78 Are Not Required for Normal Membrane Targeting of IFITM3 and for IFITM3/IFITM3 Interactions {#sec2dot3-ijms-20-03859}
------------------------------------------------------------------------------------------------------------

Integrity of both F75 and F78 was previously shown to be critical for interactions between IFITM3 proteins and for antiviral activity \[[@B26-ijms-20-03859]\]. Therefore, we asked whether mutation of both phenylalanines to alanines (mutant IFITM3-FF) was compatible with FRET in transfected 293T cells. The double mutation did not interfere with expression of IFITM3-SCFP/SYFP fusion proteins ([Figure 3](#ijms-20-03859-f003){ref-type="fig"}A) but abrogated antiviral activity ([Figure 3](#ijms-20-03859-f003){ref-type="fig"}B), as expected \[[@B26-ijms-20-03859]\]. In contrast, the mutation of both phenylalanines did not alter colocalization of the mutant with IFITM3-wt in transfected HeLa cells ([Figure 3](#ijms-20-03859-f003){ref-type="fig"}C), as determined by analysis of the Pearson correlation coefficient (a measure for colocalization, [Figure 3](#ijms-20-03859-f003){ref-type="fig"}D). Similarly, double mutation of F75 and F78 in IFITM3 did not reduce FRET signals with coexpressed IFITM3-wt or IFITM3-FF ([Figure 3](#ijms-20-03859-f003){ref-type="fig"}E), suggesting that F75 and F78 are dispensable for appropriate localization of IFITM3 to and within membranes and for IFITM/IFITM interactions.

The strong FRET signal observed upon coexpression of IFITM3-wt and mutant IFITM-FF raised the question whether the assay employed was sufficiently sensitive to detect potentially altered membrane localization of IFITM3 variants and/or altered protein--protein interactions. To address this concern, we first analyzed whether differences in FRET upon coexpression of IFITM3-wt/IFITM3-wt and IFITM3-wt/IFITM3-FF could be detected when the amounts of transfected plasmids were reduced as described above. However, no appreciable differences were observed (not shown). We next characterized an IFITM3 mutant, IFITM3-43AS, known to exhibit a different cellular localization as compared to IFITM3-wt \[[@B26-ijms-20-03859]\]. In this mutant, amino acids 43--48 are changed to alanines, and this change was found to be compatible with robust expression but not with full antiviral activity \[[@B26-ijms-20-03859]\]. Western blot analysis revealed that IFITM3-43AS fused to SCFP or SYFP was expressed with the same efficiency as the corresponding IFITM3-wt fusion proteins (not shown), as expected. Coexpression of IFITM3-43AS with IFITM3-wt reduced FRET relative to coexpression of IFITM3-wt or IFITM3-43AS proteins alone, but the signals detected remained above background ([Figure 3](#ijms-20-03859-f003){ref-type="fig"}E, [Supplementary Figure S4](#app1-ijms-20-03859){ref-type="app"}). These results are compatible with the observation that substitution of amino acids 43--48 by alanine residues changes the cellular localization of IFTIM3 and hence the interaction with IFITM3 \[[@B26-ijms-20-03859]\]. Moreover, they suggest that these substitutions may have only modest effects on IFITM3-43AS/IFITM3-43AS interactions. Finally, our findings suggest that the FACS-FRET assay employed in the present study can detect alterations of IFITM3/IFITM3 interactions resulting from altered membrane localization of the interactions partners.

2.4. F75 and F78 are Dispensable for IFITM3-IFITM3 Interactions as Determined by Co-Immunoprecipitation {#sec2dot4-ijms-20-03859}
-------------------------------------------------------------------------------------------------------

Similar FRET signals were measured for the following FRET pairs, IFITM3-wt/IFITM3-wt, IFITM3-wt/IFITM3-FF and IFITM3-FF/IFITM3-FF, indicating that residues F75 and F78 are dispensable for the formation of IFITM3 homooligomers. Because F75 and F78 were previously proposed to alter the self-interaction of IFITM3 \[[@B26-ijms-20-03859]\], we sought to corroborate this result by an independent experimental approach, coimmunoprecipitation ([Figure 4](#ijms-20-03859-f004){ref-type="fig"}). For this, IFITM3-wt and IFITM3-FF were equipped with a triple FLAG antigenic tag, controlled for comparable expression (not shown) and coexpressed with the same proteins harboring a myc tag. Mutant IFITM-43AS was included for comparison. Expression of untagged IFITM3-wt instead of IFTIM3-wt with FLAG tag served as negative control. Immunoprecipitation with anti-FLAG and subsequent Western blot with anti-myc antibody revealed that IFITM3-wt proteins interacted and that this interaction was not perturbed by substitution of amino acids 43--48 with alanine residues. Again, this finding was in-line with the FRET results, showing that FRET signals of IFITM3 with IFITM3-43AS are reduced but not fully disrupted ([Figure 4](#ijms-20-03859-f004){ref-type="fig"}), indicating that both proteins can still interact in membrane microdomains. F75 and F78 were also dispensable for interactions with IFITM3-wt and IFITM-FF, which contrasts with published data \[[@B26-ijms-20-03859]\] but is in keeping with the FRET analysis discussed above. In summary, our results indicate that F75 and F78 are neither required for adequate membrane targeting of IFITM3 nor for IFITM3/IFITM3 interactions.

3. Discussion {#sec3-ijms-20-03859}
=============

IFITM3 poses an important innate barrier against infection by several enveloped viruses \[[@B1-ijms-20-03859]\] and a non-enveloped virus \[[@B46-ijms-20-03859]\]. Therefore, it is important to understand how IFITM3 counters virus infection. Published work indicates that IFITM3/IFITM3 interactions are required for antiviral activity and depend on F75 and F78 \[[@B26-ijms-20-03859]\]. Here, we employed a previously described FACS-FRET assay \[[@B30-ijms-20-03859]\] for analysis of IFTIM/IFITM interactions. We provide evidence for interactions between IFITM1-3 and 5, and we show that IFITM3-wt and IFITM3 with mutated F75 and F78 induce robust FRET signals and physically interact, indicating that F75 and F78 are dispensable for adequate membrane localization and IFITM3-IFITM3 interactions.

We first asked whether FRET signals in our assay depend on protein--protein interactions or whether targeting of two non-interacting proteins to membranes can be sufficient for FRET. The latter was the case: SCFP and SYFP did not elicit FRET signals when expressed in the cytosol while FRET was observed when both proteins were targeted to the plasma membrane. This observation raised the question whether membrane targeting alone was sufficient for FRET or whether targeting to membrane subdomains was required. SYFP and SCFP equipped with a geranylgeranylation-dependent membrane targeting signal did not elicit FRET, despite robust expression and membrane localization. These findings suggest that membrane localization alone was not sufficient for FRET in the assay employed. Finally, it should be noted that FRET signals measured upon membrane targeting of SCFP and SYFP were modest while robust signals were measured for SCFP and SYFP fused to IFITM3-wt, a membrane targeted protein known to form homotypic interactions \[[@B26-ijms-20-03859],[@B47-ijms-20-03859]\]. Collectively, FRET signals solely due to localization of proteins in the same membrane subdomain were detectable but low while high signals were measured upon protein--protein interactions of membrane proteins. IFITM proteins inhibit host cell entry of several enveloped viruses and are believed to exert their antiviral activity by altering membrane fluidity and/or curvature \[[@B22-ijms-20-03859],[@B23-ijms-20-03859]\]. This might require the formation of IFITM multimers due to IFITM-IFITM interactions, and a previous study indeed showed homotypic interactions between IFITM proteins \[[@B26-ijms-20-03859]\]. The present results are in agreement with these findings and provide evidence that also IFITM5 proteins may self-interact and interact with other IFITM paralogues. Why the FRET signals measured upon IFITM5 coexpression with IFITM1--3 were asymmetric, i.e., dependent on whether IFITM5 was donor or acceptor, is at present unclear, and differences in donor/acceptor configuration might be responsible, as stated above. Alternatively, the results may point towards differences in the heterotypic interactions between IFITM1--3 and IFITM5/IFITM1--3.

Previous work by John and colleagues found that amino acid residues in IM1 and a conserved intracellular loop (CIL), which jointly form the CD225 domain of IFITM3, are important for antiviral activity \[[@B26-ijms-20-03859]\]. In particular, the double mutation of F75 and F78 strongly reduced antiviral activity and this phenotype was associated with lack of IFITM3/IFITM3 interactions \[[@B26-ijms-20-03859]\]. Our results confirm the loss of antiviral activity since F75 and F78 were required for blockade of both EBOV-GP- and FLUAV-HA-mediated entry. The lack of antiviral activity of IFITM3 with mutated F75 and F78 might stem from altered membrane localization of the mutant relative to the wt protein or could be due to abrogated IFITM3/IFITM3 interactions, as previously suggested \[[@B26-ijms-20-03859]\]. The present study suggests that the membrane localization of IFITM3-wt and IFITM3-FF was not substantially different, since FRET signals in cells coexpressing IFITM3-wt/IFITM3-wt or IFITM3-wt/IFITM3-FF mutant were comparable. Moreover, coimmunoprecipitation showed that mutation of phenylalanine 75 and 78 was compatible with robust interactions with IFITM3-wt and IFITM3-FF. These results are not in keeping with previously published data \[[@B26-ijms-20-03859]\], potentially due to differences in expression levels and conditions used for coimmunoprecipitation.

Collectively, we report an experimental system to measure interactions between IFITM proteins and provide evidence that residues F75 and F78 are required for antiviral activity but not for normal membrane localization and IFITM3/IFITM3 interactions.

4. Materials and Methods {#sec4-ijms-20-03859}
========================

4.1. Cell Culture {#sec4dot1-ijms-20-03859}
-----------------

HEK 293T cells (DSMZ ACC 635) and HeLa cells (ATCC CCL-2) were maintained in Dulbecco's Modified Eagle Medium (DMEM), while COS7 cells (ATCC CRL-1651) were cultivated in Minimal Essential Medium (MEM). All cell culture media were supplemented with 10% fetal calf serum, 2 mM L-glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin. The cell lines were obtained from collaborators, and the identity of the human cell lines was verified by STR typing \[[@B48-ijms-20-03859]\].

4.2. Plasmid Construction {#sec4dot2-ijms-20-03859}
-------------------------

Plasmids encoding the glycoproteins of vesicular stomatitis virus (VSV-G), murine leukemia virus (MLV Env), Ebola virus (EBOV-GP) and FLUAV strain WSN (FLUAV-HA/NA) as well as plasmids MLV gag-pol and MLV luc have been described before \[[@B49-ijms-20-03859],[@B50-ijms-20-03859]\]. Human IFITM5 was assembled from individual exons by splice-overlap PCR using primers hIFITM5-5Not, hIFITM5-i3, hIFITM5-i5, hIFITM5-3Eco and cloned into plasmid pQCXIP-mcs via NotI and EcoRI. Plasmids pSYFP2-C1 and pSCFP3A-NES were previously described \[[@B35-ijms-20-03859]\]. Plasmids pSCFP3A-C1, pSCFP3A-N1 and pSYFP2-N1 were generated by exchanging AgeI/BsrGI fragments encoding fluorescent protein sequences in pEYFP-C1 or pEYFP-N1 (both from Clontech, Mountain View, CA, USA) with the respective fragments of pSYFP2-C1 and pSCFP3A-NES. To generate a FRET positive control, a SmaI and XbaI SCFP-Fragment from pSCFP-N1 was ligated to pSYFP2-C1 digested with Ecl136II and XbaI to give rise to pSYFP-SCFP, which encodes a SYFP-SCFP fusion protein.

In order to target SYFP and SCFP to the membrane, fusion proteins with the membrane localization of signals of neuromodulin, Lyn and RhoA were generated. For fusing neuromodulin membrane targeting signal to the N-terminus of SCFP and SYFP, the phosphorylated oligonucleotides Mem-AccAge-for and Mem-AccAge-rev were ligated into pSCFP3A-N1 or pSYFP2-N1 digested with Acc65I and AgeI, resulting in plasmids pSCFP3A-NM-Mem and pSYFP2-NM-Mem, respectively. For fusion of the Lyn membrane targeting signal to the N-terminus of the fluorescent proteins, SCFP3A or SYFP2 were amplified using primers Myr-Pal-GFP-5E and SV40pAseq, digested with EcoRI and NotI and ligated into plasmid pEYFP-N1, giving rise to plasmids pSCFP3A-N-MyrPal and pSYFP2-N-MyrPal, respectively. Finally, the membrane targeting signal of RhoA was fused to the C-terminus of the fluorescent proteins via PCR-amplification of SCFP3A and SYFP2 with primers HCMVep-seq and ScyFP-Gerc and cloning of the AgeI and EcoRI-digested product into pSCFP3A-C1, resulting in plasmids pSCFP3A-C-Ger and pSYFP2-C-Ger, respectively.

Plasmids encoding IFITM1-3 and 5 fused to SCFP3A or SYFP2 were generated by subcloning the coding sequences as NotI/EcoRI fragments from pCAGGS-IFITM1-3 \[[@B51-ijms-20-03859]\] into pSCFP3A-C1 or pSYFP2-C1 \[[@B15-ijms-20-03859]\]. For generation of retroviral vectors encoding SxFP-IFITM fusion proteins, the SCFP3A-IFITM1 or SYFP2-IFITM1 coding sequences were amplified with primers EIF3-5Esp and SV40pAseq digested with Esp3I and EcoRI and cloned into pQCXIP-mcs cut with NotI and EcoRI. Finally, NotI/EcoRI fragments encoding IFITM2 and 3 sequences were used to replace IFITM1 to generate pQCXIP encoding the respective SxFP-IFITM2 and 3 fusion proteins \[[@B15-ijms-20-03859]\]. Plasmid encoding IFITM3 mutant 43AS was obtained from Abraham Brass (pQCXIP-IFITM3 43-48 AS). The IFITM3-FF mutant was generated by overlap-extension PCR using pCAGGS-IFITM3 \[[@B51-ijms-20-03859]\] as template and primer pairs IFITM3-5N/mut-IFITM3-F75AF78A-rev and mut-IFITM3-F75AF78A-for/pCAGGS-3′ to amplify parts of the IFITM3 gene. The PCR product was cloned into pQCXIP using NotI and EcoRI. Subsequently, IFITM3-43AS and IFITM3-FF were subcloned as NotI/EcoRI fragments into pSCFP3A-IFITM1 or pSYFP2-IFITM1 thus replacing the IFITM1 genes. To generate pcDNA3-myc1-IFITM3, the IFITM3 gene was subcloned as Acc65I and EcoRI fragment from pCAGGS-IFITM3 into pcDNA3-myc1, which contains start codon and myc-epitope coding sequences inserted into HindIII and Acc65I sites of pcDNA3 (Invitrogen, Carlsbad, CA, USA). Flag tagged IFITM3 was generated by splice overlap PCR using HCMVep-seq and FLAG-IFrev primers and pCMV-3xFLAG-SNX5 \[[@B52-ijms-20-03859]\] template as well as template pCAGGS-IFITM3 and primers FLAG-IFfor and pCAGGS-3′ and cloned into pcDNA3 via HindIII and EcoRI. Mutant genes IFITM3-43AS and IFITM3-FF were inserted into pcDNA3-myc1 and pcDNA3-3xFLAG as Acc65I and BamHI sites fragments from the respective pQCXIP-plasmids. The integrity of all constructs was confirmed by automated sequencing.

4.3. Oligonucleotides {#sec4dot3-ijms-20-03859}
---------------------

Oligonucleotides were purchased from Sigma-Aldrich (St. Louis, MO, USA):

hIFITM5-5Not 5′-CCGCGGCCGCACCATGGACACGGCGTATCCCCGCGAG-3′, hIFITM5-i3 5′-ACCACCTTCTGATCTCGGGCCTTGATGGAGTAGGCCAGCG-3′, hIFITM5-i5 5′-CGCTGGCCTACTCCATCAAGGCCCGAGATCAGAAGGTGGT-3′, hIFITM5-3Eco 5′-CGAATTCTCAGTCATAGTCCGCGTCATCAAAC-3′, Mem-AccAge-for 5′- GTACCACCATGCTGTGCTGTATGAGAAGAACCAAACAGGTTGAAAAGAATGATGAGGACCAAAAGATA-3′, Mem-AccAge-rev 5′- CCGGTATCTTTTGGTCCTCATCATTCTTTTCAACCTGTTTGGTTCTTCTCATACAGCACAGCATGGTG-3′, Myr-Pal-GFP-5E 5′- CGAATTCACCATGGGCTGCATCAAGAGCAAGCGCAAGGACAACCTGAACGACGACGAGCCACCGGTCGCCACCATGGTG-3′, SV40pAseq 5′-GAAATTTGTGATGCTATTGC-3, HCMVep-seq 5-GCAAATGGGCGGTAGGCGTG-3′, ScyFP-Ger 5′- GGAATTCTCACAAGACAAGGCACCCAGAAGATCTGAGTCCGGACTTG-3′, EIF3-5Esp 5′-GACGTCTCAGGCCACGCGTGCTAGCACCATGGTGAGCAAGGG-3′, SV40pAseq 5′-GAAATTTGTGATGCTATTGC-3′, IFITM3-5N 5′- GCGCGGCCGCACCATGAATCACACTGTCCAAACC-3′, mut-IFITM3-F75AF78A-rev 5′- GACTTCACGGAGTAGGCAGCTGCTATGGCGCCCAGGCAGCAGGG-3′, mut-IFITM3-F75AF78A-for 5′-CCCTGCTGCCTGGGCGCCATAGCAGCTGCCTACTCCGTGAAGTC-3′, pCAGGS-3′ 5′- CAGAAGTCAGATGCTCAAGGG-3′

4.4. Antibodies {#sec4dot4-ijms-20-03859}
---------------

Rabbit anti-GFP polyclonal serum (BioVision, Milpitas, CA, USA) was used for immunoblot at 1:500 dilution. IFITM proteins were detected with a mouse monoclonal anti-IFITM1 antibody (Proteintech Group, Manchester, UK; diluted 1:500) and a rabbit anti-IFITM2 antiserum, which is cross-reactive with IFITM3 (Proteintech, Chicago, IL, USA; diluted 1:1000).

4.5. Immunofluorescence {#sec4dot5-ijms-20-03859}
-----------------------

Cos-7 or HeLa cells were seeded into 24-well plates containing coverslips (12 mm diameter) and transfected the next day with 1 µg of each plasmid by calcium phosphate precipitation. Two days later transfected cells were fixed with 4% paraformaldehyde for 10 min at room temperature (RT). After four washes with PBS, cells were permeabilized with 0.2% Triton X-100 in PBS for 2 min at RT followed by three wash steps with PBS. Cells were then incubated for 30 min at 37 °C in cell culture supernatant from anti-myc hybridoma cells (9E10) and rabbit anti-GFP (1:500) which were used as primary antibodies. After three wash steps incubation with secondary antibodies anti-rabbit Alexafluor488 (1:1000, Thermo Fisher, Waltham, MA, USA), anti-mouse Alexafluor546 (1:1000, Thermo Fisher) followed for 30 min at 37 °C. After three final washes in PBS, cells were mounted in Mowiol/DABCO. Images were taken on a confocal microscope (Zeiss, Oberkochen, Germany, LSM 510 Meta equipped with 405 and 488 nm laser sources or Zeiss LSM 5 Pascal equipped with 488 and 543 nm laser sources) using 63x/1.40 Oil Plan-Apochromat objectives on both microscopes. Calculation of the Pearson correlation coefficient was performed using ImageJ software with Just Another Colocalization Plugin \[[@B53-ijms-20-03859]\].

4.6. Immunoblot {#sec4dot6-ijms-20-03859}
---------------

For analysis of protein expression by immunoblot protein lysates were separated by SDS-PAGE and subsequently transferred onto nitrocellulose membranes (Whatman Protan BA 83 0.2 µm, GE Healthcare, Berlin, Germany). Membranes were blocked in PBS with 0.1 % Triton X-100 (PBS-T) and 5% milk powder for at least one hour. Membranes were incubated with primary antibody diluted in PBS-T in 50 mL Falcon tubes for one hour on a laboratory roller and subsequently washed three times for 5 min in PBS-T. Bound antibodies were detected using the ECL Prime Western Blotting Detection Reagents (GE Healthcare, Berlin, Germany) according to the protocols of the manufacturer. Signals were visualized with the ChemoCam imaging system equipped with the ChemoStarProfessional software (Intas, Göttingen, Germany).

4.7. Production of Retroviral Vectors and Transduction Experiments {#sec4dot7-ijms-20-03859}
------------------------------------------------------------------

For production of retroviral vectors pseudotyped with different viral glycoproteins, HEK 293T cells were seeded in T25 flasks at 60%--70% confluency. The next day, cells were cotransfected with plasmids MLV gag-pol (3 µg) and MLV luc (6 µg) and a plasmid encoding a viral glycoprotein (3 µg), employing the calcium-phosphate-precipitation method. For production of vectors encoding IFITM proteins, plasmids MLV gag-pol (3 µg), VSV-G (3 µg) and a plasmid encoding IFITM or a control gene (CAT, 6 µg) were cotransfected. The cell culture medium was exchanged at 6--8 h after transfection and culture supernatants were harvested after 48 h. The supernatants were cleared by filtration through a 0.45 µm filter, aliquoted and stored at --80 °C. In order to analyse inhibition of viral entry by IFITM proteins, HEK 293T cells were seeded in 96-well plates at 10,000 cells/well. The next day, cells were transduced with vectors encoding IFITMs or Cat control by spinoculation (centrifugation at 4000× *g* for 30 min) followed by 48 h incubation. Vector-containing supernatants were then replaced by 50 µL fresh culture medium followed by transduction with 50 µL of supernatants containing particles pseudotyped with different envelope proteins. After incubation for 8 h, culture supernatants were replaced by 150 µL fresh culture medium. After 72 h, cells were lysed, and luciferase activity in cell lysates was quantified.

4.8. Coimmunoprecipitation {#sec4dot8-ijms-20-03859}
--------------------------

HEK 293T cells were seeded in 6-well plates at 250,000 cells/well and transfected by calcium-phosphate transfection on the next day with each 2 µg of plasmids encoding myc- or Flag-tagged IFITM proteins. Cells were harvested after two days and lysed in 500 µL CoIP-buffer (50 mM Tris pH 7.4, 150mM NaCl, 0.5% CHAPSO). For precipitation, 1 µL (per sample) mouse-anti-FLAG (M2) (Agilent, Santa Clara, CA, USA) was reacted for 1 h at 4 °C with Protein A/G PLUS-Agarose (Santa Cruz Biotechnology, Heidelberg, Germany) equilibrated in CoIP-buffer and subsequently mixed with cell lysate samples. The samples were incubated on a rotator at room temperature for 30 min and then centrifuged to collect the precipitate. After five washing steps in CoIP-buffer, the precipitates were separated by SDS-PAGE and subjected to immunoblot analysis. Co-immunoprecipitated proteins were detected with mouse anti-myc (9E10) mAb and Clean-Blot Detection Reagent (Thermo-Fisher, Waltham, MA, USA). In parallel, unprecipitated cell lysates were subjected to SDS-PAGE and immunoblot.

4.9. Flow-Cytometry and FRET {#sec4dot9-ijms-20-03859}
----------------------------

HEK 293T cells were seeded in 6-well plates at 250,000 cells/well and transfected by calcium-phosphate transfection on the next day, usually with 1 µg of each plasmid encoding the FRET-partners. Cells were harvested after 1.5 days in ice-cold PBS and kept on ice until analyzed. Flow-cytometry FRET measurements \[[@B30-ijms-20-03859]\] were performed using a LSR II (BD Biosciences, San Jose, CA, USA) equipped with 405 nm and 488 nm lasers. Cells were gated to measure only single cells but exclude doublets or larger aggregates. To measure SCFP and FRET signals, cells were excited with the 405 nm laser and fluorescence was collected in the SCFP channel with a standard 450/40 filter, while the FRET signal was measured with a 530/30 filter. To measure the SYFP signal, cells were excited with the 488 nm laser and emission was also collected with a 530/30 filter. To determine FRET-signals SCFP and SYFP, channels were first compensated using single positive cells, expressing either SCFP-Ger or SYFP-Ger. In a FRET/SYFP, plot cells were gated to just exclude signals arising from excitation of SYFP at 405 nm due to high expression levels. Then, double positive cells were gated in a SCFP/SYFP plot. Finally, in a FRET/SCFP plot, the gate was adjusted to just exclude signals from the positive control (cells expressing SCFP-SYFP fusion protein), thus applying stringent criteria for detection of strong interactions. The gating strategy is shown in [Supplementary Figure S1](#app1-ijms-20-03859){ref-type="app"}.
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![Membrane localization of non-interacting proteins can be sufficient for fluorescence resonance energy transfer (FRET). (**A**) Schematic presentation of super yellow fluorescent protein (SYFP) and super cyan fluorescent protein (SCFP) fusion proteins (SxFP) containing membrane targeting signals. The underlying cellular proteins, the relevant amino acid sequences and their respective modification for membrane targeting are indicated. (**B**) For analysis of expression of fusion proteins, 293T cells were transfected with the indicated plasmids and protein expression analyzed by Western blot, employing an anti-green fluorescent protein (GFP) antibody. Staining with anti-β-actin antibody served as loading control. Similar results were obtained in two separate experiments. (**C**) Immunofluorescence analysis of SxFP fusion proteins. Plasmids were transfected into COS-7 cells and protein expression was analyzed by confocal microscopy. The results were confirmed in two separate experiments. Scale bars indicate 50 µm. (**D**) 293T cells were transiently transfected with the indicated plasmid combinations and analyzed by FACS-FRET assay at 48 h post transfection. The results of a single experiment performed with triplicate samples are shown. Error bars indicate standard deviation (SD). The results are representative of 2--4 separate experiments. See [Supplementary Figure S2](#app1-ijms-20-03859){ref-type="app"} for representative primary FRET/CFP plots.](ijms-20-03859-g001){#ijms-20-03859-f001}

![Robust fluorescence resonance energy transfer (FRET) upon coexpression of interferon-induced transmembrane protein 5 (IFITM5) with IFITM1-3. (**A**) For analysis of expression of IFITM fusion proteins, 293T cells were transfected with the indicated plasmids and protein expression analyzed by Western blot, employing anti-GFP (upper panel) or a mixture of anti-IFITM1 and 2/3 (middle panel) antibodies. The detection of β-actin (lower panel) served as loading control. Similar results were obtained in a separate experiment. (**B**) 293T target cells were transduced with vectors encoding the indicated IFITM proteins or chloramphenicol acetyltransferase (Cat) as control. Subsequently, the cells were transduced with infectivity normalized murine leukemia virus (MLV) vectors encoding luciferase and pseudotyped with MLV glycoprotein (MLV-Env), influenza A virus hemagglutinin and neuraminidase (FLUAV-HA/NA) or Ebola virus glycoprotein (EBOV-GP). Luciferase activities in cell lysates were determined at 72 h post transduction. Results are presented as % transduction efficiency of cat-expressing cells which was set as 100% and are representative of four individual experiments. Error bars indicate SD. (**C**) 293T cells were transiently transfected with the indicated plasmid combinations and analyzed by FACS-FRET assay. Controls are not shown but were similar to those shown in [Figure 1](#ijms-20-03859-f001){ref-type="fig"}D. The results of a single experiment performed with triplicate samples are presented and were confirmed in a separate experiment. Error bars indicate SD. (**D**) 293T cells were transiently transfected with the indicated plasmid combinations and analyzed by FACS-FRET assay at 48 h post transfection. Plasmids were used at the indicated amounts and total DNA amount was kept constant by filling in empty pCAGGS plasmid. The results of a single experiment performed with triplicate samples are shown. Error bars indicate SD. The results are representative of two separate experiments. See [Supplementary Figure S3](#app1-ijms-20-03859){ref-type="app"} for representative primary FRET/CFP plots.](ijms-20-03859-g002){#ijms-20-03859-f002}

![F75 and F78 in IFITM3 are dispensable for colocalization with IFITM3-wt. (**A**) 293T cells were transfected with plasmids encoding the indicated IFITM3 fusion proteins, and protein expression was analyzed by Western blot, employing anti-GFP (upper panel) and anti-IFITM3 (middle panel) antibodies for detection. Staining with anti-β-actin (lower panel) antibody served as negative control. The results of a representative blot from which irrelevant lanes were removed (white space) are shown. Similar results were obtained in two separate experiments. (**B**) 293T cells were transduced with vectors encoding IFITM3-wt, IFITM3-FF (both without antigenic tag) or Cat as control. Subsequently, the cells were transduced with infectivity normalized MLV vectors encoding firefly luciferase and pseudotyped with the indicated viral glycoproteins. At 72 h post transduction, the luciferase activities in cell lysates were determined. The average of three to four independent experiments, each carried out with triplicate samples, is shown. Error bars indicate standard error of the mean (SEM). (**C**) To analyze protein localization, HeLa cells were transfected with the indicated plasmids, stained with anti-GFP (green channel) or anti-myc (red channel) antibodies and analyzed by confocal microscopy. Scale bars indicate 50 µm. Areas of colocalization are magnified in the white squares (19.3 × 19.3 µm). (**D**) Pearson correlation coefficient analysis of the confocal images taken in panel C. (**E**) FRET analysis of 293T cells transfected with the indicated plasmid combinations at 48 h post transfection. Shown are the results of a representative experiment performed with triplicate samples, error bars indicate SD. Similar results were obtained in a separate experiment. See [Supplementary Figure S4](#app1-ijms-20-03859){ref-type="app"} for representative primary FRET/CFP plots.](ijms-20-03859-g003){#ijms-20-03859-f003}

![Mutation of F75 and F78 in IFITM3 does not alter homotypic interactions. 293T cells were transfected with plasmids encoding IFITM3-wt, IFITM3-FF or IFITM3-43AS tagged at the N-terminus with either 3xFLAG or myc antigenic tags. As control, an untagged IFITM3-wt-encoding plasmid was used. After 48 h, cells were lysed and proteins precipitated with murine anti-FLAG mAb (M2). Precipitates were separated by SDS-PAGE and blotted. Co-precipitated proteins were detected by murine anti-myc mAb (9E10). For comparison, cell lysates were separated and blotted in parallel and reacted with anti-myc mAb. The results are representative of three separate experiments.](ijms-20-03859-g004){#ijms-20-03859-f004}
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